The Technicon SMAC system was operated according to the manufacturer's 7' 6 computer program. The operator has a certain amount of discretion in modifying the computer instructions and so emphasis was placed on alterations to flow rates and chemistries which fell within these restrictions. We have found, as will be apparent, that the operator need not generated covering those periods when metabolic changes are occurring at much faster rates than in more mature patients. Because, in the past, such profiles would have required unacceptably large volumes of plasma this information is not available at the present time. We present our modifications of the SMAC system to monitor 18 parameters in as little as 105 fLl plasma.
Using the 2O-channel option on the Technicon Sequential Multiple Analyzer with Computer (SMAC) an actual consumption of 450 fLl plasma occurs. The 20 estimations carried out in this laboratory are sodium, potassium, chloride, total CO 2 , urea, creatinine, urate, iron, cholesterol, glucose, total protein, albumin," bilirubin, alanine aminotransferase (ALT) (EC 2.6.1.2), aspartate aminotransferase (AST) (EC 2.6.1.1), alkaline phosphatase (EC 3.1.3.1), calcium, phosphate, Material and methods creatine phosphokinase (CK) (EC 2.6.1.1), and lactate dehydrogenase (EC 1.1.1.27) .
Despite the comparatively small average volume of22' 5 fLl per assay, frequently an insufficient volume of plasma was available for analysis. This was particularly so with paediatric samples and also with those from older patients when other analyses had been requested from the same sample. This had several undesirable consequences, either a considerably reduced number of assays per sample being carried out elsewhere in the laboratory using manual techniques, or no report being available to the clinician because of 'insufficient plasma for analysis'. Also the overall contribution of the ALT, alanine aminotransferase (EC 2.6.1.2); AST, SMAC to the working laboratory was reduced by aspartate aminotransferase (EC 2.6.1.1.); ALP, these frequent interruptions in the scheduling alkaline phosphatase (EC 3.1.3.1); CK, creatine of samples.
kinase (BC 2.7.3 .2); LD, lactate dehydrogenase It seemed advantageous as well to monitor (EC 1.1.1.27); BCP, bromocresol purple; AMP, paediatric populations of various ages using a 2-amino 2-methyl l-propanol; EAE, N-ethyl amino multichannel analyzer. In this way profiles could be ethanol. 112 be too inhibited in approaching the computerinstructed multichannel analyzer. The reagents used were as Technicon recommend, except for alterations in the albumin and cholesterol methods. For albumin, bromocresol green was replaced by the albumin-specific dye bromocresol purple (BCP),l as reported previouslyj' and the cholesterol method was changed from the Liebermann/Burchard procedure to the cholesterol esterase-cholesterol oxidase method of Roschlau et aI. s For calibration of the SMAC, Technicon supply two samples of reference serum. They are both lyophilised bovine-based sera to which various constituents are added to achieve specific concentration levels. Reference 2 is used as reference material for AST, ALT, and CK and reference 1 for the other 17 parameters. Reference 1 contains bovine serum albumin, which gave a value of 6 or 7 gIl with BCP reagent instead of the reference value of 35 gIl. As there is no facility for introducing decimal points for this channel in the 7' 6 computer program, small variations at the level of 6 or 7 gIl were translated into large apparent variations of human albumin in the clinical range. In order to boost the albumin content, 2 ml of 162 gIl solution of human albumin was added to 25 ml of diluent before resuspension of reference 1 powder in 20 ml modified diluent. This adds a further concentration of 12 gIl albumin, giving a total of BCP-assayable albumin of 19 gIl. The total protein figure was adjusted by a similar amount. Also the ALT activity in reference 2 (used as reference material for AST, ALT, and CK) was too low for proper calibration, resulting in a number of calibration problems, particularly in the third flow cell.
Transaminase activity was increased as follows. Rabbit liver was homogenised in 20 volumes of 0·1 M tris-HCl, pH 7·4, and centrifuged at 2000 g for 10 minutes and at 40 000 g for 60 minutes. Twenty microlitres of clear supernatant was added to 20 ml diluent, and reference 2 was recalibrated on the SMAC for ALT and AST against a number of commercial reference sera. The efficacy of this approach is apparent from the subsequent agreement with other reported activities ( Table 5) . VOLUME AND CHEMISTRY CHANGES During operation the SMAC probe spends 22 seconds in each sample at a specimen throughput of 150/h with a 2-second delay between samples. The actual sample size is, of course, determined by the flow rate of the sample pump tube. In our system, the less sensitive chemistries for glucose, alkaline phosphatase, iron, and creatinine utilise undiluted plasma at rates of 27 ILl, 27 ILl, 60 ILl, and 82 ILl respectively (total 196 ILl) per 22 seconds sample time. The remaining 16 channels are assayed from a total sample volume of 235 ILl after addition of five volumes of predilution fluid.
Because of our interest in adapting the SMAC to handle paediatric samples we eliminated creatinine and iron, which are not normally of interest in young patients and which require a combined volume of 142 ILl of plasma for analysis. (Of course one or both channels may turn out to give much useful clinical information in the future in paediatric populations. As a consequence, we are investigating the adaptation of a creatininase method to the SMAC with a much smaller volume requirement.)
In endeavouring to reduce the total plasma requirement for the remaining 18 channels, initial attention had to be paid to the measurements of glucose and alkaline phosphatase activity, which require undiluted plasma.
The sensitivity in the glucose channel was readily increased by lengthening the dialysis path from the usual 1 inch to 6 inches (part number 178-2538-{)7). With this modification glucose could now be measured in the sixfold diluted specimen and the glucose channel could, therefore, be operated from the riser as with the other channels.
In order to obtain sufficient sensitivity on the alkaline phosphatase channel to operate on diluted sample the 2-amino 2-methyl I-propanol-AMP buffer was replaced by the more readily transphosphorylatable buffer N-ethyl amino-ethanol (EAE). ' The sensitivity was further increased by reducing the substrate buffer flow rate in order to prolong the incubation at 37°C. Thus, by pumping 4M EAE-HCl, pH 10'4, at 74 ILl/min (tubing 178-3748P04) and a diluted sample flow rate of 226 ILl/ min (tubing 483748P07), alkaline phosphatase activity was actually measured in 1M EAE-HCI, pH 10'4, for an incubation period 30% longer than that in the recommended procedure. It was, therefore, possible to measure alkaline phosphatase by connecting this channel directly to the riser containing the diluted sample. One further modification to the system was required. While the alkaline phosphatase activity of human plasma is markedly increased by EAE, the relative stimulation of the isoenzyme in the Technicon reference material 1 was much lower.
Comparing the activities of a pool of human plasma and two commercially available reference human sera (Monitrol IX and Monitrol 2X), a constant 300% activation in EAE over AMP buffer was observed, whereas reference 1 was increased in activation by only 163%. The reason for this was that the source of alkaline phosphatase in reference 1 was chicken intestine, which had peak activity at pH 9'6--9'9, being significantly decreased at pH 10·4. Consequently, the apparent value for alkaline phosphatase in reference 1 was entered into the computer at 45 % of the quoted value. The justification for this ad hoc approach may be seen from the subsequent performance of this particular channel, as reported below.
By the adjustments of the glucose and alkaline phosphatase channels described above, the sample volume requirements for the full 20 channels dropped from 432 !J.l to 378 !J.l. Eliminating the iron and creatinine channels enables the SMAC system to measure 18 parameters on 235 !Ll of plasma. To accomplish this it is not sufficient just to clamp off both these channels at the sample splitter. The reason is that when the creatinine and iron channels are so clamped there is a slowing down of flow of fluid through the system. This reduction in flow rate is important because the functioning of the computer program depends upon the arrival of fluid plus bubbles at the LOAI junction within a specified time. The later arrival at the LOAI junction of the diminished sample volume was compensated for by introducing a shorter length of tubing between the probe and the sample splitter. Cutting out the iron and creatinine sample volume slows the flow by about 2'8 s, which delay is compensated for by shortening the tubing tI78--4425-Ql) from 39 ern to 25 cm. By this simple procedure the more complex LOAI and dwell-timer adjustments to the computer program are avoided.
To maintain the flow characteristic of the system, which is vital for proper monitoring by the computer, the withdrawal of extra fluid from the riser by the glucose and alkaline phosphatase channels must be compensated for by an equivalent increase in the flow of dilution fluid. Diluted sample is fed into the glucose and alkaline phosphatase channels at the rates of 74 !J.l/min and 226 !Ll/min respectively so that an extra volume of prediluted fluid of 300 !Ll/min was required to be fed into the system, Such an increase in predilution fluid meant, of course, that all channels were now operating at a greater dilution than in the original procedure. By these adjustments it proved possible to operate the SMAC system on 18 channels, consuming only 235 !J.l of plasma. It seemed appropriate at this point to determine whether the 18 estimations could be carried out on even smaller volumes of plasma by exploring the capacity of the equipment to perform reliably with reducing optical densities and electrical signals, only (slight) modifications of the SMAC 7· 6 computer program being carried out by the operator. After some initial experimentation it was decided to concentrate on three possible sample volumes, 176 !J.l, 145 !Ll, and 105 !J.l, O'Leary, Hurley, Stapleton, Scully, Finharr Duggan and to determine the performances of the various channels with respect to accuracy and reproducibility.
Because the computer program required that the total volume of plasma plus dilution fluid be maintained constant, it was necessary to use increasing amounts of dilution fluid as the plasma volume decreased; thereby progressively greater dilutions of sample occurred. The tubing requirements and final dilutions are shown in Table 1 .
Using the sample lines described, the sample inlet (178-G273-Ql) tended to accumulate broken bubbles before the sample injection to the predilution flow, thereby causing inter-sample contamination. This was because of the wide bore of the glass piece relative to the sample lines. The glass piece was, therefore, replaced with a section of transmission tubing (116-0536-07), and excellent inter-sample separation resulted. The only subsequent operational problems that were demonstrated were 'No Sample' and 'Dwell Error' on the blank channels of creatine kinase and total protein, occasionally with 142 fl.l sample and frequently in the 105 !J.l sample. Reducing the flow of the biuret and total protein blank solution lines by 21 % (WIW tubing) made the peaks identifiable by the computer. For creatine kinase the substrate and substrate blank lines were reduced by 21 %(BIB tubing) and this had the added advantage of considerably reducing the cost of operating this expensive channel.
By reducing the volume of plasma the important questions arising were: (1) the acceptability of the lowered optical densities attained in the different channels; (2) the effect of the smaller sample on the peak monitor; and (3) the accuracy and precision of the measurements subsequently obtained.
Results and Discussion
In the SMAC instrument the sensitivities of the various channels are expressed in terms of recorder peak heights, which for convenience are divided into 100 lines. The manufacturer expresses the minimum optical densities acceptable to the computer program of the various channels in terms of these lines. Consequently, the performance of the instrument at the different sample volumes can be expressed in terms of recorder peak heights and minimum acceptable heights. These are given in Table 2 for a sample volume of 142 fLl. As may be seen, the heights attained were in excess of the manufacturer's recommended minima with the marginal exceptions of the total protein and lactate dehydrogenase channels. For this reason an even smaller plasma volume was decided on, that is, 105 fLl. Another index of the performance of the various channels is the peak monitor of the SMAC, which gives the operator the capability of following recorder traces on two selected channels at any given time.
The figure shows traces obtained with Nar, K+, Cl-, andCa2+ channels under the usual (unmodified) conditions and with 142 [.Ll sample. The excellent wash characteristics and attainment of steady states are demonstrable with the smaller sample volume. (The reduction in rejection of results in the calcium channel by the instrument computer at 142 fLl is because the steady state is reached much earlier at this volume than under usual working conditions.)
To determine within-batch precision, pooled plasma was measured 20 times in sequence under normal operating conditions (290 ul) of sample and with volumes of 176, 142, and 105 fLl. The coefficients of variation of all 18 channels are given in Table 3 . There was minimal deterioration in performance with decreasing volume.
Between-batch precision was followed by carrying out single determinations daily over 20 working days on pooled plasma. with the manufacturer's figures is evident with no deterioration in performance at the lower sample volumes.
It can be seen, therefore, that the Technicon SMAC system can be readily adapted to handle smaller volumes of plasma than is normally recommended. This capability is a combined effect of the quality of the detectors in the instrument plus the attainment of the steady-state more quickly at the lower sample volumes (Figure) .
In a recent report Stamper and Robertshaw" modified two SMAC channels, those for alkaline phosphatase and creatinine, to function with prediluted sample rather than with neat serum. By this means their 18 channel SMAC analyzer required 257 fl.l rather than 376 fl.l of sample.
In summary, our suggestion is that the SMAC analyser can be easily adapted permanently to handle much smaller volumes than those recommended. This can be accomplished in the following step procedure.
1. Make the modifications ofthe alkaline phosphatase and glucose channels permanent for all volumes of sample selected, as described in the Material and Methods section. 2. As the sample volume is decreased, increase the predilution flow, as described in Table 1 . The settings, of course, change only when the sample volume is changed. This should not occur under normal operating conditions. 3. Clamp off the iron and creatinine sample lines and compensate for the consequent reduced rate of flow of the remaining sample, as described in the Material and Methods section.
By these simple adjustments of the flow characteristics of the SMAC continuous-flow system it is possible to reduce the sample volume requirements within the limits of an unmodified 7· 6 computer program. This is made possible by the previously sample volumes were reduced to 176 and 142 fl.l (the 105 fl.l sample was not included in this portion of the study).
To determine the relative accuracy with which all 18 parameters were being measured three commercial lyophilised quality control serum samples were investigated. Each was assayed IO times, and the results are summarised in Table 5 . The extent to which the mean values obtained fell within the manufacturer's specification (expected range or confidence limits) is demonstrable. Good agreement unrealised capacity of the SMAC analyser to handle lower optical densities and electrical signals than were encountered under the usual operating conditions. The capability of assaying paediatric specimens and being able to repeat, where necessary, other samples without any deterioration in accuracy or reproducibility significantly increases the usefulness of the Technicon SMAC analyser in the hospital laboratory.
